We present an optimized multilocus sequence typing (MLST) scheme with universal primer sets for amplifying and sequencing the seven target genes of Campylobacter jejuni and Campylobacter coli. Typing was expanded by sequence determination of the genes flaA and flaB using optimized primer sets. This approach is compatible with the MLST and flaA schemes used in the PubMLST database and results in an additional typing method using the flaB gene sequence. An identification module based on the 16S rRNA and rpoB genes was included, as well as the genetic determination of macrolide and quinolone resistances based on mutations in the 23S rRNA and gyrA genes. Experimental procedures were simplified by multiplex PCR of the 13 target genes. This comprehensive approach was evaluated with C. jejuni and C. coli isolates collected in Switzerland. MLST of 329 strains resulted in 72 sequence types (STs) among the 186 C. jejuni strains and 39 STs for the 143 C. coli isolates. Fourteen (19%) of the C. jejuni and 20 (51%) of the C. coli STs had not been found previously. In total, 35% of the C. coli strains collected in Switzerland contained mutations conferring antibiotic resistance only to quinolone, 15% contained mutations conferring resistance only to macrolides, and 6% contained mutations conferring resistance to both classes of antibiotics. In C. jejuni, these values were 31% and 0% for quinolone and macrolide resistance, respectively. The rpoB sequence allowed phylogenetic differentiation between C. coli and C. jejuni, which was not possible by 16S rRNA gene analysis. An online Integrated Database Network System (SmartGene, Zug, Switzerland)-based platform for MLST data analysis specific to Campylobacter was implemented. This Web-based platform allowed automated allele and ST designation, as well as epidemiological analysis of data, thus streamlining and facilitating the analysis workflow. Data networking facilitates the exchange of information between collaborating centers. The described approach simplifies and improves the genotyping of Campylobacter, allowing cost-and time-efficient routine monitoring.
Infection with Campylobacter has become the major cause of bacterial enteritis in Europe and other parts of the developed world, overtaking Salmonella infection (8) . Campylobacter jejuni accounts for approximately 90% of all Campylobacter infection cases, whereas C. coli is responsible for approximately 10% of infections. Other Campylobacter species, such as C. lari, C. upsaliensis, C. hyointestinalis, and C. fetus, are sporadically found (24) . Due to the fact that Campylobacter is mostly commensal in the enteron of many warm-blooded animals used for meat production, campylobacteriosis is a zoonotic disease. Quality control, monitoring, and eventually tracing of contaminated food products is therefore important for public health reasons. Campylobacter typing by applying various, mostly genetic, methods is used for this purpose. Classical pulsed-field gel electrophoresis and amplified fragment length polymorphism, as well as flaA typing based on the restriction analysis of PCR-amplified fragments or sequencing of the flagellin-encoding gene, have been described for Campylobacter (20, 37) . Recently, multilocus sequence typing (MLST) has been established as a highly reproducible method allowing precise and simple worldwide comparison of types, and it is becoming the gold standard in this field (4-6,13,17-19, 22, 23, 30, 33) . Despite its many advantages, MLST is still time-consuming and expensive and therefore not feasible for routine testing. For example, the scheme for C. jejuni typing recommended by the PubMLST database hosted by the University of Oxford, Oxford, United Kingdom (http://pubmlst.org/campylobacter) includes a total of 51 different primers to be used for PCR amplification and sequencing of the seven target gene sequences. Another 14 primers are described for MLST of C. coli. With problematic isolates, optimal primer combinations have to be determined, and reactions have to be repeated in order to obtain all seven allele sequences needed for sequence type (ST) determination.
MLST alone provides excellent information about the global epidemiology and population structure of Campylobacter, but it appears to be less discriminative in short-term epidemiological studies (28) . The addition of more variable targets, such as flagellin-encoding genes, increases the discriminatory power of sequence-based typing. The most frequently used gene for this purpose is flaA (2, 5, 7, 17, 20, 26, 29) , although flaB is also used, and as a more stable gene, flaB might become more important (21) . Other important factors to consider are the time and effort needed to perform the appropriate data analysis, especially in the context of internationally standardized approaches and the use of publicly available typing tools, such as http://pubmlst.org.
Since the 1990s, the prevalence of antibiotic resistance has increased dramatically in both animal and human Campylobacter isolates. This is especially the case for quinolone resistance, the emergence of which is correlated with the introduction of quinolones in the treatment of food-producing animals. The emergence of macrolide-resistant Campylobacter isolates has also been observed but until recently was less pronounced than quinolone resistance (41) . Quinolone resistance is mainly based on a point mutation in the gyrase gene, gyrA (C257T or, less frequently, A256G) (1) . In the case of macrolide resistance, it is caused by a point mutation (A2075G or A2074C) in the loop in domain V of the 23S rRNA gene (34) . In order to optimize and simplify the amplification and sequencing strategy for MLST and combine it with sequencebased fla typing, as well as with antibiotic resistance determination, we established a modular and adaptable multiplex PCR and sequencing protocol using the minimum number of primers, which can be used equally well for C. jejuni and C. coli. About 95% of human Campylobacter infections can be covered with our typing scheme. Proper identification of Campylobacter isolates is not always trivial, and misidentification might hamper downstream typing, especially genotyping. 16S rRNA and rpoB genes were included in the multiplex approach as a basic genetic identification module for the genus Campylobacter, and the discriminatory power at the species level was examined. Through this approach, enteritis-causing Campylobacter species other than C. jejuni and C. coli are dealt with by proper identification.
The robustness of the multiplex approach was tested on more than 300 C. jejuni and C. coli strains. Data analysis was performed using a newly developed Internet-based Integrated Database Network System (IDNS) (SmartGene, Zug, Switzerland) platform for genotyping Campylobacter.
MATERIALS AND METHODS
Isolates and growth conditions. Phenotypically characterized C. jejuni (180) and C. coli (141) isolates from the collection at the Institute of Veterinary Bacteriology, University of Bern, Bern, Switzerland, were used. The strain set contained human isolates from patients suffering from clinical campylobacteriosis sampled between 1993 and 2003 at the Swiss National Reference Centre for Enteropathogenic Bacteria, cattle isolates collected from healthy dairy cows during December 2001 and January 2002, pet isolates collected from healthy dogs and cats from 2002 to 2003, and poultry and pig isolates collected in 2002 (27, 38, 40 The isolates were stored at Ϫ80°C until they were cultivated on tryptone soya agar plates with sheep blood (Oxoid, Hampshire, United Kingdom) for 24 to 48 h at 42°C under microaerophilic conditions.
To examine the genetic stability of the strains, NCTC 11168 and one poultry field isolate were serially passaged in vitro in nonselective medium. For each strain, one colony from an agar plate was inoculated into a 100-ml Erlenmeyer flask containing 25 ml Mueller-Hinton broth (Difco, Becton Dickinson, Sparks, MD) supplemented with 5% lysed horse blood (Oxoid) and incubated at 37°C under microaerophilic conditions. After 24 h, 250 l of culture, which was in exponential phase, was transferred into 25 ml of fresh medium and incubated under the same growth conditions. The number of cells in each 24-h-old culture was determined by measurement of the optical density at 600 nm. This step was repeated 30 times for NCTC 11168 and 38 times for the poultry isolate, which is equivalent to about 200 and 250 generations, respectively. Material from the first and the last liquid culture was used to sequence the target genes.
Isolation of genomic DNA. Extraction of total DNA was performed using either the E.Z.N.A. Bacterial DNA kit (Peqlab Biotechnologie GMBH, Erlangen, Germany) according to the manufacturer's instructions or by simple lysis of the bacteria. For this purpose, a few bacterial colonies from the plates were resuspended in 450 l of lysis buffer (0.1 M Tris-HCl, pH 8.5, 0.05% Tween 20, 240 g/ml proteinase K), incubated at 60°C for 1 h, and heat inactivated at 94°C for 15 min. The extracted DNA and lysates were stored at Ϫ20°C until they were used.
Selection of conserved and optimized primers. Based on the currently available genome sequences of C. jejuni and C. coli, conserved primer sequences were defined which match the criteria for PCR amplification and sequencing. These primers were chosen to cover the classical gene regions used for allele determination in the Oxford scheme (PubMLST). Primer sets were designed for both the flaA and flaB genes, covering the "short variable regions," and for the amplification of the gyrA fragment. Previously published primers were used to generate the fragments from the 23S rRNA gene (34) , the 16S rRNA gene (16) , and the rpoB gene (15) . The primers and their locations, as well as the resulting fragment sizes, are listed in Table 1 .
Multiplex PCR amplification and purification. Multiplex PCR was established in order to facilitate and economize laboratory work. For this purpose, primers for the amplification and sequencing of 13 targets per strain (Table 1) were divided into four amplification groups (AGs), taking into account the PCR product length and amplification efficiency for all targets. The first group (AG1) contained primers for flaA (flagellin), the 23S rRNA gene, aspA (aspartase), and glmM (also called pgm for phosphoglucosamine mutase); the second group (AG2) contained primers for gyrA (gyrase), flaB (flagellin), tkt (transketolase), and glnA (glutamine synthetase); and the third group (AG3) contained primers for gltA (citrate synthase), atpA (also called uncA; the ATP synthase ␣ subunit), glyA (serine hydroxymethyltransferase), and rpoB (the ␤ subunit of the RNA polymerase). A fourth group (AG4) was comprised of universal primers for the amplification of the 16S rRNA gene (16S UNI-L and 16S UNI-R). Each reaction was performed in a 30-l total volume containing 12 pmol of each primer, 0.25 mM dATP, 0.25 mM dCTP, 0.25 mM dGTP, 0.25 mM dTTP (Roche, Rotkreuz, Switzerland), 5 mM MgCl 2 (2.5 mM in the case of 16S rRNA), 1ϫ reaction buffer, 2.5 U Fire Pol DNA polymerase I (Solis BioDyne, Tartu, Estonia), and approximately 50 ng DNA. Each PCR was run in a 9800 Fast Thermal Cycler (Applied Biosystems, Foster City, CA) under the following universal conditions: 3 min of denaturation at 94°C, followed by 35 cycles of 30 s at 94°C, 30 s at 56°C, and 1 min at 72°C and a final extension step at 72°C for 7 min. Multiplex PCR products (3.0 l from each AG) were analyzed on a 1.5% agarose gel stained with 0.3 g/ml ethidium bromide. Bands of similar intensity indicated equally efficient amplification of the specific products. To enzymatically purify the samples from residual deoxynucleotides and excess primers, 8.0 l of the AG1, AG2, or AG3 PCR product and 4.0 l of the AG4 PCR product was transferred into new reaction tubes, followed by the addition of 1.0 l rAPid Alkaline Phosphatase (1 U/l; Roche Diagnostics), 0.2 l of the corresponding buffer, and 0.05 l exonuclease I (Exo I; 20 U/l; New England Biolabs, Ipswich, MA). The samples were incubated in the 9800 Fast Thermal Cycler (Applied Biosystems) for 30 min at 37°C and then for 20 min at 80°C to inactivate the enzymes.
Sequencing of multiplex PCR products. The purified PCR products were directly sequenced using the same primers used for PCR. For the 16S rRNA gene fragment, additional internal primers (16S RNA2-S, 16S RNAII-S, and 16S RNA6-S) were used. A total of 28 sequencing reactions for each strain were necessary. For convenient handling during the preparation of these numerous reactions, 96-well plates and reaction tube strips were prepared in advance by adding primers. To prepare the plates and strips, 1.0 l containing 5 pmol of the specific primer was pipetted onto the bottom of the corresponding well or tube using a multichannel pipette and then dried at room temperature. The sequencing plates and strips were then stored at Ϫ20°C until they were used. For each strain, four sequencing mixtures were directly prepared in the tubes containing the purified multiplex PCR product by adding 8.0 l (AG1, AG2, and AG3) Big Dye v3.1, 8.0 l (AG1, AG2, and AG3) sequencing buffer (Applied Biosystems), and 16.0 l (AG1, AG2, and AG3) double-distilled H 2 O. For the purified 16S rRNA PCR product, 4.0 l Big Dye v3.1, 4.0 l sequencing buffer, and 8.0 l double-distilled H 2 O were added. Next, 5 l of this mixture was added to the corresponding wells or tubes on the sequencing plate or strip, respectively. Cycle sequencing was performed in a GeneAmp PCR System 9700 (Applied Biosystems) with 25 cycles of 10 s at 96°C, 5 s at 50°C, and 1 min at 60°C. The products were purified by ethanol precipitation by adding 100 l 0.5 mM MgCl 2 /60% ethanol and centrifuging them for 40 min at 4,500 rpm (3,840 ϫ g) at 10°C using a Rotanta 46R centrifuge (Hettich Zentrifugen GmbH & Co., Tuttlingen, Germany). The supernatant was discarded, and the sequencing plates/strips were inverted and centrifuged at 1,000 rpm (190 ϫ g) for 1 min to dry the samples. The samples were run on an ABI Prism 3130xl Genetic Analyzer (Applied Biosystems).
Sequence analysis. Sequence data were entered, edited, and analyzed in a newly established Web-based MLST application for Campylobacter identification, typing, and antibiotic resistance determination. This application was developed on the basis of a proprietary application service technology, IDNS, which combines target-specific semiautomated sequence editing, bioinformatics, and databases for Campylobacter MLST. Trace files were imported, automatically trimmed, and aligned to a best-match reference sequence in the Proofreader module of the software. The edited gene sequences were submitted via an integrated link to the public PubMLST typing site (http://pubmlst.org /campylobacter). Allele numbers, ST determinations, and clonal complexes (CC) were electronically recovered and made available as searchable results in the database.
Alternatively, sequences were edited in Sequencher (GeneCodes, Ann Arbor, MI) and entered into BioNumerics software version 5.1 (Applied Maths NV, Sint-Martens-Latem, Belgium). Cluster analysis of full-length sequences and calculations of the congruency of the experiments were performed using BioNumerics. The discriminatory abilities of flaA and flaB were calculated using Simpson's index of diversity (12) .
Antibiotic MIC determination. Point mutation-based quinolone and macrolide resistances were compared with the actual phenotype. For most C. coli strains, MICs were available from a previous study (14) . For the remaining C. coli and C. jejuni strains believed to be resistant based on their genetics, the MICs were determined using the Sensititre system (Trek Diagnostic Systems, England) according to the Clinical and Laboratory Standards Institute guidelines (3) .
For this experiment, ciprofloxacin and erythromycin, representing the quinolone and macrolide classes of antibiotics, respectively, were used. The selected strains were tested in antibiotic concentrations of 0 (control culture), 0.5, 1, 2, 4, and 8 g/ml. The cutoffs for ciprofloxacin and erythromycin resistance were set at Ն4 g/ml and Ն8 g/ml, respectively.
RESULTS
Multiplex PCR and sequencing. The analysis of 329 C. jejuni and C. coli strains, including the type and reference strains of both species, was carried out by the new multiplex PCR and sequencing approach.
Simultaneous amplification of targets as AGs (AG1 to AG4) was achieved for all isolates with all seven MLST genes, as well as the gyrA, 23S rRNA, rpoB, and 16S rRNA genes. The sequences could be unambiguously determined from these multiplex reactions with the same primers and without interference from the amplification products.
The flaB fragment was amplified in all isolates, with the exception of the C. jejuni subsp. doylei LMG 8843 T type strain. Analysis of the available genome sequence of C. jejuni subsp. doylei strain 269.97 (GenBank accession no. NC_009707) showed an absence of this gene, which might be characteristic of the subspecies.
Whereas the flaA fragment could be amplified in multiplex reactions from all C. jejuni strains, no amplification of flaA was obtained for one-third of the C. coli samples. Moreover, in a few strains of C. coli (6 and 20 strains, respectively) flaA and flaB sequencing resulted in ambiguous sequences, even though the amplification fragments were clear and the genes were efficiently amplified. To solve these problems, the optional forward primers flaA_Cjc-L1 and flaB_Cjc-L1, for flaA and flaB, respectively, were designed ( Table 1) . The targets were amplified in separate reactions under the same conditions as the multiplex PCR and finally sequenced successfully. After sequence editing and automatic truncation of the primers using the SmartGene software, the expected sizes for aspA (553 bp
Potential artifacts resulting from multiple passaging of strains in the laboratory were evaluated in a small study analyzing the genetic stability of the typing genes (MLST, flaA, and flaB) over 200 to 250 generations. Both strains included in this validation, NCTC 11168 and the poultry field isolate, did not show any mutations during this extensive passaging.
MLST and fla typing. A total of 118 different STs, including the STs of the type and reference strains of C. jejuni and C. coli, were recognized in this study, 34 of which were new and had not been previously described. The MLST data for the isolates collected in Switzerland are summarized in Table 2 . Within this set of isolates, the new STs were comprised of 14 STs specific for C. jejuni strains and 20 STs specific for C. coli strains. A total of 18 (10.0%) C. jejuni and 40 (28.4%) C. coli strains collected in Switzerland resulted in new STs.
In total, 61 STs of C. jejuni were distributed in 20 CCs. CC21 and CC45, comprising their respective STs, were predominant, containing 41 (22.8%) and 27 (15.0%) isolates, respectively, followed by CC48, which contained 16 (8.8%) isolates, and CC206, which contained 14 (7.7%) isolates. Eleven STs could not be assigned to any known lineage.
Nearly 90% of the C. coli isolates were distributed among 30 STs belonging to one CC, CC828, with ST854 predominant. The remaining strains represented nine STs that could not be assigned to any of the known CCs. The C. coli strains were more conserved in their types than the C. jejuni strains, with averages of 3.6 and 2.5 strains per ST, respectively.
The STs of the type strains of C. jejuni subsp. jejuni NCTC 11351 T (ST403), C. jejuni subsp. doylei LMG 8843 T (ST62), and C. coli LMG 6440 T (ST900) and the reference strains C. jejuni ATCC 29428 (ST50), CCUG 10937 (ST5), CCUG 12066 (ST267), and NCTC 11168 (ST43) have been confirmed, and in the case of C. coli strain CCUG 12068, a new ST2913 was assigned in the study.
For a few isolates belonging to the same ST, nucleotide differences were observed for some of the genes in the sequences flanking the regions used for allele designation by PubMLST. Within the C. jejuni isolates, the following differences could be seen: in ST45, transition A617G in the glyA fragment; in ST122, transition G10A in the glyA fragment; and in ST353, transitions C53T, T77C, and C127T and transversion T128A in the glnA fragment, as well as transition A76G in the gltA fragment. C. coli strains of ST2733 showed transitions C12T in the glmM fragment and T8C in the tkt fragment, while strains of ST3336 showed transition C12T in glmM. This is reflected in a slightly different branching in a composite tree built from the full-length sequences of aspA, atpA, glmM, glnA, gltA, glyA, and tkt. These results also allow further discrimination within certain STs compared to the classical PubMLST scheme (data not shown).
Typing based on partial flaA and flaB gene sequences was investigated by cluster analysis ( Fig. 1 and 2) . The similar clustering observed in flaA (124 branches) and flaB (107 branches) was reflected in a high congruence value of 98.5%. However, flaA provided greater discriminatory potential than flaB, as indicated by the Simpson's indexes of diversity of 0.855 and 0.799, respectively. Neither flaA nor flaB showed congruence with MLST (Ͻ5%). Nonetheless, in a sequence-based cluster analysis (data not shown), the addition of either flaA or flaB to MLST allowed closely related strains with the same ST to be further distinguished, and both genes increased the resolution of MLST. This is also reflected by the increase in the Simpson's index from 0.788 for MLST only to 0.958 for MLST combined with flaA and 0.968 for MLST combined with flaB.
Antibiotic resistance. Internal portions of the antibiotic resistance-related genes 23S rRNA and gyrA were amplified as part of AG1 and AG2, respectively, in all investigated strains. The point mutations in the 23S rRNA gene known to contribute to macrolide resistance, A2074G and A2075G (corresponding to A227G and A228G in our sequence fragment), were not observed in any of the C. jejuni strains (34) . However, 20.6% of the C. coli isolates showed resistance to this group of antibiotics based on their 23S rRNA gene sequences. The transition A2075G was observed in 29 strains of C. coli, while A2074C was not found in any strain. Nearly all strains carrying the resistance-related mutation originated from pigs, with the exception of two resistant strains isolated from human feces and one strain from poultry. Interestingly, one human and three pig isolates showed an A-G double peak at nucleotide position 2075. The genetically derived resistance was confirmed by MIC resistance tests in the Sensititre system (MIC required for resistance, Ն8 g/ml) for all cases, including the three strains with ambiguities at the crucial mutation position. Mutations at other positions in the 23S rRNA gene were present in a number of strains, but none of them conferred resistance as determined by the MIC tests.
Quinolone resistance, which is most often associated with the point mutation C257T (corresponding to C150T in our fragment) in the gyrA gene, was observed in 54 of the C. jejuni strains, while the transition A256G, less frequently reported to be a determinant of quinolone resistance, was found in two human isolates, resulting in 31% resistant strains. A large portion of these resistant strains were represented by human isolates (75%), followed by pet (12.5%), poultry (9%), and cattle (3.5%) isolates. Fifty-seven (40.4%) C. coli strains harbored the point mutation C257T, with all of them isolated from either pigs (87.7%) or humans (12.3%). Six percent of C. coli strains showed resistance to both classes of antibiotics.
Phylogenetic analysis of gyrA sequences revealed them to be species specific, with two main clusters being formed, one by C. jejuni strains and the other by C. coli strains (data not shown). In only one case did a human C. coli isolate have a gyrA sequence matching that of C. jejuni.
Other frequently found mutations in gyrA were (positions in our sequences given in parentheses): G118T (G11T), T234C (T127C), C243T (C136T), and C330T (C223T) in C. jejuni; C252T (C145T) and T297C (T190C) in C. coli; and T117C (T10C) in isolates of both species. None of these mutations were shown to be related to quinolone resistance as assessed phenotypically by MIC assays. There was no relation between particular STs and the detected resistances.
General sequence-based strain identification. Genetic identification and phylogenetic investigation of the C. jejuni and C. coli strains were performed by sequence analysis of the 16S rRNA and rpoB genes. Phylogenetic analysis of the 16S rRNA gene fragments of all 186 C. jejuni and 143 C. coli strains confirmed previous studies showing that the resolution of this target is not high enough to separate these closely related species (10, 15) . The 16S rRNA gene sequences of C. jejuni and C. coli match up to 100%. However, for the rpoB genebased cluster analysis, C. jejuni and C. coli form separate groups, and differentiation between the species was possible. Moreover, two strains previously identified as C. coli were found to be C. jejuni by rpoB gene analysis. This could be further confirmed by MLST, since they belonged to ST3326 and ST257, respectively, which are from C. jejuni.
C. jejuni strains were grouped in four main clusters, I to IV, and C. coli isolates formed clusters V and VI (Fig. 3) . Each of the four C. jejuni clusters corresponded to a type of rpoB sequence found in publicly available reference strains. Cluster I was closely related to C. jejuni NCTC 11351 T (AF372097), cluster II to C. jejuni 81-176 (CP000538), cluster III to C. jejuni NCTC 11168 (AL111168), and cluster IV to C. jejuni CCUG 12066 (DQ174200). Most C. coli isolates (93%) showed very high ropB sequence similarity (the highest sequence difference was 1 base out of 487) to the type strain of C. coli LMG 6440 T (AF372098) and formed cluster V. A very distinct cluster, VI, was found for some C. coli isolates that were observed earlier (15) . This group is mainly formed by multiple isolates of the previously known ST1147 and ST1426, as well as single isolates of the newly determined ST2914, ST2915, and ST3345. In neither the 16S rRNA nor the rpoB gene tree was a correlation between clustering and the source of isolation observed.
DISCUSSION
A new multiplex PCR and sequencing approach is presented as a modular, three-level genetic characterization system for C. jejuni and C. coli. This approach covers general identification, typing, and determination of antibiotic resistance. Previously established 16S rRNA and rpoB gene sequencing was applied for clear-cut identification of isolates. The MLST scheme was optimized to comprise a single and universal primer set for both species. Optimized primers were also designed for typing based on flaA and flaB genes, which can be included as an additional method and can be used alone or in combination with MLST. Finally, determination of macrolide and quinolone resistances was achieved by 23S rRNA and gyrA gene sequencing, respectively.
In order to minimize and optimize both handling and reagents, a multiplex PCR was set up, combining targets that differ in size, so that they yield specific products that are all amplified with equal efficiency. This resulted in the optimal combination of 12 targets in three AGs, thereby achieving a fourfold reduction in the number of PCRs and an optional single PCR for the 16S rRNA gene. The number of targets and resulting AGs described are exhaustive, and certainly not all 13 targets will be used for genetic characterization. Moreover, interests of laboratories in the various modules might be different. The reason for including so many targets was both to show proof of principle for the multiplex approach and to assess the usefulness of the individual modules. While the method was being evaluated, several target genes were combined, and the most promising have been chosen for the study of the C. jejuni and C. coli strain set collected in Switzerland.
In our experience, a purification step for PCR products is necessary to obtain high-quality sequences, which cannot be achieved if residual primers and other components of the PCR remain during the sequencing reaction. Column purification is normally used, but this method is expensive and inconvenient for high numbers of samples. An enzymatic purification step proved highly suitable and resulted in a significant improvement in sequence quality compared to nonpurified sample results, thus becoming a prerequisite for easy and efficient routine sequence analysis. Previously prepared sequencing plates containing the appropriate primers contributed to optimal handling during the preparation of sequencing reactions, and these plates can be stored at Ϫ20°C until they are used and are stable for at least several months. The format can be simply adapted to strips or single tubes, depending on the combina- tion of targets and laboratory needs. Direct purification of sequencing reaction mixtures by a simple single-step ethanol precipitation is possible, and afterwards, the plates, strips, or tubes can be directly loaded on an automated sequencer without further transfer to new tubes.
A large collection of C. jejuni and C. coli strains from various sources were analyzed by the newly developed multiplex approach, which proved highly suitable, especially for MLST. High-quality, unambiguous sequence data could be generated by this procedure. The sequences of the various MLST target genes can be used in the assignment of classical STs after editing, or the full-length sequences can be used for further phylogenetic analysis using the appropriate software. Whereas STs provide easily comparable results for epidemiological purposes, phylogenetic analysis clearly shows the genetic relationships between isolates and thus also allows the separation of the two species. Moreover, while not all of the polymorphic sites located in the additional sequence protruding from the MLST target sequence segments used for typing by PubMLST influence the ST, they might allow further separation of strains belonging to the same ST, thereby increasing the resolution of the method.
The analyzed strain set represented a highly variable group of isolates, which is certainly based on the absence of epidemiological relationship of samples. Nonetheless, this study provides for the first time an overview of the various STs that can be found in Switzerland. The predominant CCs for C. jejuni were CC21 and CC45, which is the case in other European countries, indicating the wide distribution of these types (4, 6, 7, 13, 19, 33) . Strains representing STs of both CCs were found in human and various animal species, except pigs. For C. coli, the greatest number of isolates were from ST845, which is found mainly in pigs, but also in poultry, and the newly determined ST3336, which is also isolated in both animal species. Interestingly, there was a relatively high number of STs detected and described for the first time, indicating that specific types are present in Switzerland that have not yet been found in other countries. More systematic studies with defined sample sets would help clarify this situation. Moreover, continuous probing and sampling of potentially contaminated food products, especially chicken, over a defined period of time and comparison of the STs detected with those isolated from human cases would lead to information about the potential risk of infection and provide data for intervention and prevention measures.
The typing of strains based on either flaA or flaB gave nearly overlapping results, which was also reflected in the 98.5% congruence between the two methods. The flaA gene showed higher discriminatory power than the flaB gene. However, in combination with MLST, flaB showed a slightly higher discriminatory ability than flaA. Moreover, the amplification of flaA was especially problematic in C. coli strains when the multiplex approach was used, and only the application of a specially designed optional forward primer for the amplification and sequencing of flaA solved the problem and resulted in highquality sequences. However, this solution was not suitable for the multiplex approach. Since flaB was more stably amplified (99.4% of all strains) and is less prone to recombination than flaA (21) , the former might be more suitable for typing, especially in combination with MLST.
The fla genes clustered strains in a very different way than MLST, and the isolates were distributed independently of their STs ( Fig. 1 and 2 ), reflecting the fact that the two are different typing approaches and cannot be directly compared. This is also indicated by the absence of congruence between the two typing methods. In combination with MLST, the fla genes increased the discriminatory power of the method, which could be helpful in certain situations.
The proper identification of Campylobacter requires experience and might be difficult. Moreover, Campylobacter species other than C. jejuni and C. coli can be isolated from food poisoning and enteritis patients. In such cases, identification based on genetic markers, e.g., 16S rRNA and rpoB genes, might be helpful (15) . The resolution of rpoB was higher than that of the 16S rRNA gene and even allowed separation between C. jejuni and C. coli (Fig. 3) . Therefore, the rpoB gene might be fully sufficient for the identification of Campylobacter species, whereas the 16S rRNA gene might be helpful in identifying closely related and sometimes confounded species, such as those from the genus Arcobacter or Helicobacter.
Campylobacter evolves rather rapidly (31) , and intra-and intergenomic changes not only occur in the environment, but also as a consequence of storage, culture, and passage in vitro. This might result in changes in the nucleotide sequences of different genes and should be taken into consideration when typing strains that have been subcultured over significant amounts of time (9, 11, 25, 35, 36) . We have addressed this question by analyzing sequences of highly passaged strains with their progenitor. We found that the genes used for MLST and fla typing remained unchanged after more than 200 generations of in vitro subcultivation and are thus well suited for epidemiological investigation, an aspect that has not yet been addressed.
Both gene targets used for the genetic determination of antibiotic resistance to macrolides and quinolones could be efficiently sequenced by the multiplex approach. Moreover, mutations described in the literature as conferring antibiotic resistance were in all cases confirmed by the phenotypic MIC assays. None of the other observed additional mutations were associated with phenotypic resistance. Therefore, the included module for the genetic determination of antibiotic resistance is a highly valuable tool for the analysis of C. jejuni and C. coli. Analysis of isolates collected in Switzerland showed that none of the C. jejuni isolates were resistant to macrolides, whereas almost 21% of C. coli strains showed resistance against this group of antibiotics. With quinolones, 31% of C. jejuni and 40% of C. coli isolates were resistant. Finally, 6% of C. coli strains showed resistance to both classes of antibiotics. This reflects the fact that C. jejuni is predominantly found in poultry, whereas C. coli is mainly isolated from pigs, and antibiotic treatments used with the two animal species are different. The presence of antibiotic resistances demands the prudent use of these antibiotics in animal farming, especially in poultry and pig production.
Interestingly, one human isolate, which was clearly identified as C. coli, had a quinolone-resistant defining gyrA gene variant usually found in C. jejuni strains. This might be the result of recombination between the two species, a phenomenon which they are well known for (31, 39) .
To improve and facilitate Campylobacter genotyping, not only on the experimental level, but also on the analytical level, a combined C. jejuni and C. coli Web-based IDNS application service has been developed and made available by SmartGene. Analogous to other usages recently described (32) , this platform allows the import of trace files from sequencers, editing, and proofreading by the integrated Proofreader, as well as straight allele, ST, and CC determination over an automated link/submission to the PubMLST database. In order to respond to questions related to epidemiology, the information on strains, their sequences, and final typing results are stored and can be cross-compared. Moreover, to facilitate multicenter collaborations, the software supports online networking between laboratories. While access to this system is protected, the Web technology allows laboratories to be easily connected so that they may access and share their data. In summary, the MLST scheme for C. jejuni and C. coli was generalized, improved, and automated by establishing a multiplex approach. The approach was successfully applied in its most comprehensive form, including 13 target genes, to more than 300 C. jejuni and C. coli strains, yielding new information on types and antibiotic resistances of strains in Switzerland. Many laboratory-specific adaptations to the format (plates, strips, or tubes), as well as to the actual need (identification, MLST, fla typing, antibiotic resistance status, and their combinations) are possible. An IDNS platform allows easy and straightforward typing of isolates, as well as epidemiological analysis and strain tracing. The described approach contributes to accurate cost-and time-efficient monitoring and tracing of strains and to the development of effective prevention and intervention measures for Campylobacter infection.
